The discovery of refractory grains amongst the particles collected from Comet 81P/Wild 2 by the Stardust spacecraft (Brownlee et al. 2006) provides the ground truth for large-scale transport of materials formed in high temperature regions close to the protosun outward to the comet-forming regions of the solar nebula. While accretion disk models driven by a generic turbulent viscosity have been invoked as a means to explain such large-scale transport, the detailed physics behind such an "alpha" viscosity remains unclear. We present here an alternative physical mechanism for large-scale transport in the solar nebula: gravitational torques associated with the transient spiral arms in a marginally gravitationally unstable disk, of the type that appears to be necessary to form gas giant planets. Three dimensional models are presented of the time evolution of self-gravitating disks, including radiative transfer and detailed equations of state, showing that small dust grains will be transported upstream and downstream (with respect to the mean inward flow of gas and dust being accreted by the central protostar) inside the disk on time scales of less than 1000 yr inside 10 AU. These models furthermore show that any initial spatial heterogeneities present (e.g., in short-lived isotopes such as 26 Al) will be homogenized by disk mixing down to a level of ∼ 10%, preserving the use of short-lived isotopes as accurate nebular chronometers, while simultaneously allowing for the spread of stable oxygen isotope ratios. This finite level of nebular spatial heterogeneity appears to be related to the coarse mixing achieved by spiral arms, with radial widths of order 1 AU, over time scales of ∼ 1000 yrs.
Introduction
Comets have long been recognized as relatively pristine repositories of particles from the early solar system, and combined with primitive chondritic meteorites, these objects represent the best records we have of the events in the solar nebula some 4.57 Gyr ago. For this very reason, the Stardust Mission to Comet 81P/Wild 2 was conceived and launched to sample the particles in the coma of this Jupiter family comet (JFC). JFCs are believed to have formed in the Kuiper Belt, just beyond Neptune's orbit, and so Wild 2 is thought to be a sample of the outermost planet-forming region of the solar nebula. The discovery of refractory grains by Stardust (Brownlee et al. 2006 ) therefore provided proof that grains that formed in high temperature regions of the disk, presumably close to the protosun, were able to be transported outward tens of AUs to the JFC-forming region prior to their incorporation in comets (see also Nuth & Johnson 2006 ).
There are two possibilities for the outward transport of the high temperature minerals found by Stardust. First, refractory grains formed close to the protosun may have been carried upward by the protosun's bipolar outflow and lofted onto trajectories that would return them to the surface of the solar nebula at much greater distances (Shu et al. 2001) . Bipolar outflows are known to occur, but the lofting of grains and their return to the outer disk are processes that are not constrained by astronomical observations, though the Stardust discoveries can be interpreted as proof of this possibility. Alternatively, refractory solids might have been transported outward to comet-forming distances by mixing processes within the solar nebula, such as generic accretion disk turbulence (Gail 2002; Ciesla & Cuzzi 2006; Tscharnuter & Gail 2007; Ciesla 2007) , or the actions of spiral arms in a marginally gravitationally unstable nebula (Boss 2004 (Boss , 2007 . The magnetorotational instability (MRI) in an ionized disk is often considered to be the physical mechanism responsible for disk evolution and the source of the disk's effective "alpha" viscosity. However, MRI effects are limited to the disk's surfaces and its innermost and outermost regions by the need for appreciable fractional ionization. The ionized surface layers are thought to be dominated by the inward flow of gas accreting onto the protostar. The disk's midplane is essentially neutral in the planet-forming region from ∼ 1 to ∼ 15 AU, preventing the MRI from serving as a driver of midplane disk evolution in this key region (e.g., Matsumura & Pudritz 2006) . Gravitational torques in a marginally gravitationally unstable disk, however, are able to drive global angular momentum transport throughout the dead zone, and in fact periods of gravitational instability may well be regulated by the pile-up of disk gas on the edge of the dead zone by the action of the MRI in the more ionized regions of the disk.
Astronomical observations of disks around young stars often find evidence for crystalline silicate grains at distances ranging from inside 3 AU to beyond 5 AU, in both the disk's midplane and its surface layers (Merín et al. 2007 ). These grains could have been produced through thermal annealing of amorphous grains by hot disk temperatures reached only within the innermost disk, well inside 1 AU. Crystalline and amorphous silicate grains thus appear to require large-scale transport as well. In addition, isotopic evidence suggests (e.g., Bizzarro, Baker & Haack 2004 ) that some Allende chondrules formed with an 26 Al/ 27 Al ratio similar to that of calcium, aluminum-rich inclusions (CAIs). Chondrule formation thus appears to have begun shortly after CAI formation, and to have lasted for ∼ 1 Myr to 4 Myr (Amelin et al. 2002) . While chondrules are generally believed to have been melted by shock-front heating at asteroidal distances (e.g., Desch & Connolly 2002) , CAIs are thought to have formed much closer to the protosun, again because of their refractory compositions. Transport of solids from the inner solar nebula out to asteroidal distances thus seems to be required in order to assemble chondrules, CAIs, and matrix grains into the chondritic meteorites (Boss & Durisen 2005) .
While the evidence for large-scale transport is clear, the degree of mixing of the nebula gas and solid has been less clear for some time. Isotopic evidence has been presented for both homogeneity (e.g., Hsu The degree of uniformity is equally murky even for stable isotopes. For samarium and neodymium isotopes, both nebular homogeneity and heterogeneity have been claimed, depending on the objects under consideration (Andreasen & Sharma 2007 ), e.g., ordinary versus carbonaceous chondrites. However, osmium isotopes seem to require a high degree of homogeneity in both ordinary and carbonaceous chondrites (Yokoyama et al. 2007 ). The three stable isotopes of oxygen, on the other hand, show clear evidence for heterogeneity in primitive meteorites (Clayton 1993 ). This heterogeneity is perhaps best explained by self-shielding of molecular CO gas from UV photodissociation at the surface of the solar nebula (Clayton 2002; Lyons & Young 2005 ; however, see Ali & Nuth 2007 for an opposing view) or in the presolar molecular cloud (Yurimoto & Kuramoto 2004) . Oxygen isotopic anomalies formed at the outer surfaces of the solar nebula by definition imply a spatially heterogeneous initial distribution, perhaps capable of explaining the entire range of stable oxygen isotope ratios through mixing between 16 O-rich and 16 O-poor reservoirs (e.g., Sakamoto et al., 2007) .
We present here a new set of three dimensional hydrodynamical models of mixing and transport in a protoplanetary disk that demonstrate how the required large-scale transport and mixing may have occurred in the solar nebula. These models are similar to those of Boss (2004 Boss ( , 2007 except that in the new models, the disk is assumed to extend from 1 AU to 10 AU, instead of from 4 AU to 20 AU, in order to better represent the regions of the nebula of most interest for high temperature thermal processing and meteorite formation.
Numerical Methods
The calculations were performed with a numerical code that uses finite differences to solve the three dimensional equations of hydrodynamics, radiative transfer, and the Poisson equation for the gravitational potential. Detailed equations of state for the gas (primarily molecular hydrogen) and dust grain opacities are employed in the models. Radiative transfer is handled in the diffusion approximation, which is valid near the disk midplane and throughout most of the disk, because of the high vertical optical depths. Artificial viscosity is not employed. A color equation is solved in order to follow the evolution of initially spatially heterogeneous tracers, such as SLRI. The color equation is identical to the density equation, except that the color field is a passive field (a dye) and does not act back on the evolution of the disk. The energy equation is solved explicitly in conservation law form, as are the five other hydrodynamic equations. The code is the same as that used in previous studies of mixing and transport in disks (Boss 2004 (Boss , 2007 , and has been shown to be second-order-accurate in both space and time through convergence testing (Boss & Myhill 1992 ).
The equations are solved on a three dimensional, spherical coordinate grid. The number of grid points in each spatial direction is: N r = 51, N θ = 23 in π/2 ≥ θ ≥ 0, and N φ = 256. The radial grid is uniformly spaced between 1 and 10 AU, with boundary conditions at both the inner and outer edges chosen to absorb radial velocity perturbations. The θ grid is compressed into the midplane to ensure adequate vertical resolution (∆θ = 0.3 o at the midplane). The φ grid is uniformly spaced, to prevent any bias in the azimuthal direction. The central protostar wobbles in response to the growth of nonaxisymmetry in the disk, thereby rigorously preserving the location of the center of mass of the star and disk system. The number of terms in the spherical harmonic expansion for the gravitational potential of the disk is N Y lm = 32.
In some of the models, diffusion of the dust grains carrying the SLRI or oxygen isotope anomalies with respect to the disk gas is modeled through a modifi-cation of the color equation (Boss 2004 (Boss , 2007 . This modification consists of adding a diffusion term (second space derivative of the color field), multiplied by an appropriate diffusion coefficient D, which is approximated by the eddy viscosity of a classical viscous accretion disk: D = αhc s , where α = disk turbulent viscosity parameter, h = disk scale height, and c s = isothermal sound speed at the disk midplane. For typical nebula values at 5 to 10 AU (h ≈ 1 AU, T ≈ 100 K, c s ≈ 6 × 10 4 cm s −1 ), the eddy diffusivity becomes D = 10 18 α cm 2 s −1 .
Initial Conditions
The models consist of a 1M ⊙ central protostar surrounded by a protoplanetary disk with a mass of 0.047 M ⊙ between 1 and 10 AU. The underlying disk structure is the same as that of the disk extending from 4 AU to 20 AU in the models of Boss (2004 Boss ( , 2007 . Disks with similar masses and surface densities appear to be necessary to form gas giant planets by either core accretion (e.g., Inaba et al. 2003) or by disk instability (e.g., Boss et al. 2002) . Chemical species observed in comets set an upper limit for disk midplane temperatures in the outer disk of ∼ 50 K (Boss 1998). The combination of a disk massive enough to form gas giant planets and the maximum temperatures consistent with cometary speciation implies that the solar nebula was at least marginally gravitationally unstable. Astronomical observations have long indicated that protoplanetary disks have masses in the range of 0.01 to 0.1 M ⊙ , (e.g., Kitamura et al. 2002 ), but only more recently has it become apparent that these disk masses appear to be underestimated by factors of up to 10 (Andrews & Williams 2007), which is reassuring, given the high frequency of extrasolar gas giant planets and the need for sufficiently massive disks to explain their formation.
The disks start with an outer disk temperature T o = 40 K, leading to a minimum in the Toomre Q (Q = Ωc s /πGσ, where Ω is the disk angular velocity, c s ∝ T 1/2 is the sound speed, G is the gravitational constant, and σ is the disk gas surface density) value of 1.43 at 10 AU; inside 6.5 AU, Q rises to higher values because of the much higher disk temperatures closer to the protosun. A Q value of 1.43 implies marginal instability to the growth of gravitationallydriven perturbations, while high values of Q imply a high degree of gravitational stability. These disk models therefore represent marginally gravitationally unstable disks, where strong spiral arms are expected to form on a dynamical (rotational) time scale, and dominate the subsequent evolution of the disk.
A color field representing SLRI or oxygen anomalies is sprayed onto the outer surface of the disk (or injected into the midplane in one model) at a radial distance of either 2.2 or 8.6 AU, into a 90 degree (in the azimuthal direction) sector of a ring of width 1 AU, simulating the arrival of a Rayleigh-Taylor finger of supernova injecta (e.g., Vanhala & Boss 2002 ), a spray of hot grains lofted by the X-wind bipolar outflow (Shu et al. 2001) , or a region of the disk's surface that has undergone oxygen isotope fractionation. One of the models includes the effects of the diffusion of the color field with respect to the gaseous disk by a generic turbulent viscosity characterized by α = 0.0001. This low α value is small enough to have only a very minor effect on the color field (Boss 2004 (Boss , 2007 . SLRI, refractory grains, or oxygen anomalies that reside in the gas or in particles with sizes of mm to cm or smaller will remain effectively tied to the gas over timescales of ∼ 1000 yrs or so, because the relative motions caused by gas drag result in differential migration by distances of less than 0.1 AU in 1000 yrs, which is negligible compared to the distances they are transported by the gas in that time, justifying their representation by the color field.
Results
We present here the results of four models. Two models represent initial heterogeneity of the color field on the disk surface at distances of either 2 AU (model 2S) or 9 AU (model 9S) with α = 0, as well as a third model with 9 AU surface injection with nonzero diffusivity α = 0.0001 (model 9SD). The fourth model assumes the initial heterogeneity exists in the disk's midplane at 2 AU (model 2M), as would be appropriate for refractory grains heated by the hot inner disk. We shall see that whether or not α = 0 or 0.0001 makes little difference to the outcome, as the evolution is dominated by the actions of the gravitational torques from the spiral arms that form. Similarly, whether the color field starts at the disk's surface or midplane makes little difference, as the vertical convective-like motions in these disks rapidly mix the color field upward and downward on a time scale comparable to the orbital period (Boss 2004 (Boss , 2007 .
The color fields shown in the figures represent the number density of small solids (e.g., chondrules, CAIs, ice grains, or their precursor grain aggregates) in the disk carrying SLRI, refractory minerals, or oxygen isotope anomalies, which evolve along with the disk's gas. Fig. 1 shows how the initial color fields are limited to 90 degree arcs in either the midplane or on the surface of the disks. Fig. 2 shows the midplane color field for model 2S after 385 yrs. Even though the color was initially sprayed onto the surface of model 2S at an orbital distance of 2 AU, the color is rapidly transported down to the disk's midplane by convective-like motions (Boss 2007 ). In addition, the net effect of the evolution of this marginally gravitationally unstable disk is to transport the color field inward and outward to the disk boundaries at 1 AU and 10 AU in less than 385 yr. The color field in the innermost disk is depleted by its accretion onto the central protostar, while the color that is transported outward is forced to pile up at the outer disk boundary. This model demonstrates clearly the rapid outward (and upstream with respect to the inward accretion flow of disk gas) transport of small grains from the hot inner disk to the cooler outer disk regions, on time scales of less than 1000 yr.
The color field shown in Fig. 2 represents, e.g., the number density of SLRIs in a disk after ∼ 385 yr of evolution following an injection event. Given the strong gradients in the color fields evident in Fig. 2 , it is clear that the color field is highly spatially heterogeneous. This is because the underlying gas density distribution is equally highly non-axisymmetric and the gas density is the mechanism that drives the transport of the color field. However, cosmochemical SLRI abundances typically are given as ratios, i.e., 26 Al/ 27 Al, where the SLRI 26 Al is derived from the injection event, while the reference stable isotope 27 Al is presumably derived primarily from a well-mixed presolar cloud and so is homogeneous with respect to the original gas disk. [Additional 27 Al would be expected to accompany any 26 Al derived from a supernova source, though not from an X-wind source.] In order to determine the variations in the SLRI ratio 26 Al/ 27 Al, then, the color field must be normalized by the gas density. This has been done for model 2S in Fig. 3 , which shows the log of the color/gas ratio at a time of 8.4 yr, shortly after the injection event. The high degree of initial spatial heterogeneity of the ratio 26 Al/ 27 Al is obvious. However, Fig. 4 shows that after 385 yr of evolution (the same time as in Fig. 2) , the color/gas ratio has become remarkably uniform throughout the midplane of the disk, with variations of less than 0.1 in the log, or no more than a factor of 1.26. Even variations this large only occur close to the inner and outer boundary where there is very little color and even less gas density, so that the ratio becomes large. Such regions contain essentially no gas and so are negligible. This model shows that the color field can become homogeneous with respect to the disk gas in a few hundred years of evolution in a marginally gravitationally unstable disk.
An important quantity to calculate in this regard is the dispersion of the color/gas density ratio from its mean value (Boss 2007) , in order to make a more quantitative comparison with isotopic measurements. Fig. 5 shows the time evolution of the level of spatial heterogeneity in, e.g., SLRI ratios such as 26 Al/ 27 Al following a single SLRI injection event, for models 2S and 2M. Fig.  5 plots the square root of the sum of the squares of the color field divided by the gas density subtracted from the mean value of the color field divided by the gas density, where the sum is taken over the midplane grid points and is normalized by the number of grid points being summed over. The sum excludes the regions closest to the inner and outer boundaries, as well as regions with disk gas densities less than 10 −12 g cm −3 , as the low gas densities in these regions skew the calculations of the dispersion of the ratio of color to disk gas, and these regions contain comparatively little gas and dust. Fig. 5 shows that the dispersions for both models 2S and 2M follow similar time evolutions, starting from high initial values. While model 2M has not yet been continued as far as model 2S, model 2S shows that the expectation is that in both models, the dispersion will fall to a level of 5% to 10%, as was found in the larger-scale (4 AU to 20 AU) disk models of Boss (2007) .
We now turn to the models where the color field was initiated at orbital distances centered on 9 AU. Fig. 6 shows the result for model 9SD just 16 yr after injection, when the color has already been transported down to the midplane, as well as inward to orbital distances of only a few AU. The spirallike nature of the color field is a clear indicator of the transport mechanism responsible for this rapid movement. Fig. 7 shows how the color/gas density ratio for model 9SD has become considerably more homogenized after 210 yr of evolution, while Fig. 8 shows that nearly complete homogenization of the color field is achieved after 1526 yrs of evolution, with some residual heterogeneity remaining in the inner disk. Fig. 9 shows the color/gas density ratio for model 9S, which was identical to model 9SD, except for having α = 0, compared to α = 0.0001 for model 9SD. Evidently this small level of diffusivity of the color field with respect to the gas density has little appreciable effect on the evolution of the color field, as was also found by Boss (2007) .
Finally, Fig. 10 displays the time evolution of the dispersions for models 9S and 9SD. Both models demonstrate that the dispersion does not approach zero, as might be expected, but rather falls to a level on the order of 10%, where the dispersion appears to reach a steady state. This implies that gravitational mixing is not 100% efficient and is unable to completely homogenize an initial spatial heteogeneity. Gravity is a long-range force, only able to drive mixing over length scales where large density variations occur, i.e., over length scales comparable to the disk's spiral arms. These spiral arms tend to have radial length scales of no less than an AU or so, much larger than the radial extent of a grid cell (0.18 AU), which appears to lead to the large-scale granularity at the 10% level seen in Fig. 10 .
Conclusions
The discovery of refractory minerals in Comet Wild 2 by the Stardust Mission (Brownlee et al. 2006 ) is consistent with the rapid (less than 1000 yr), large-scale (10s of AU) outward transport of small dust grains in a marginally gravitationally unstable disk. Such large-scale transport also seems to be re- Mass accretion rates of the disk onto the central protostar are highly variable in marginally gravitationally unstable models, ranging from rates of ∼ 10 −6 M ⊙ /yr to ∼ 10 −5 M ⊙ /yr, much higher than the typical stellar mass accretion rate of ∼ 10 −8 M ⊙ /yr for a classical T Tauri star, but comparable to the rates inferred for T Tauri stars during their periodic FU Orionis outbursts (Boss 1996) . Recent observations suggest that most T Tauri disks have lifetimes of no more ∼ 1 Myr (Cieza et al. 2007 ). Combined with a disk mass of ∼ 0.1M ⊙ , this suggests a time-averaged mass accretion rate for solar-mass T Tauri stars of ∼ 10 −7 M ⊙ /yr. A disk would then need to experience phases of gravitational instability lasting roughly 1% to 10% of its lifetime in order to accomplish the mass transport implied by these estimates. Phases of gravitational instability are thus expected to be transient phases, but robust and frequent enough to achieve the disk mixing and transport processing described in this paper.
I thank Sasha Krot and a second referee for their improvements to the paper, and Sandy Keiser for her computer wizardry. This research was supported in part by the NASA Planetary Geology and Geophysics Program under grant NNG05GH30G and by the NASA Origins of Solar Systems Program under grant NNG05GI10G, and is contributed in part to the NASA Astrobiology Institute under grant NCC2-1056. Calculations were performed on the Carnegie Alpha Cluster, which was supported in part by NSF MRI grant AST-9976645. Fig. 1 , but for model 2S after 385 yr. The color field has spread outward to the edge of the disk. The spatial distribution is highly heterogeneous, with the highest concentrations residing inside the spiral arms of the disk and on the edge of the disk, where it is artificially not allowed to move farther outward. Figure 3 . Logarithmic contours of the color field density divided by the disk gas density (i.e., log of the abundance ratio 26 Al/ 27 Al) for model 2S at a time of 8.4 yr, plotted in the same manner as in Fig. 1 . Contours represent changes by factors of 1.26 up to a maximum value of 10.0, on a scale defined by the gas disk density. At this early time, the color/gas ratio is highly spatially heterogeneous, as the color field is still confined to the innermost disk, where it was first injected. Fig. 3 for model 2S, but after 385 yr of evolution. The color/gas ratio is now nearly homogeneous throughout the entire disk, except for small regions along the inner and outer boundaries, which are clearly artificial boundary effects. Figure 5 . Time evolution of the dispersion from the mean (i.e., standard deviation, or the root of the sum of the squares [RSS]of the differences from the mean) of the color field density divided by the gas density (e.g., 26 Al/ 27 Al abundance ratio) in the disk midplane in models 2S (solid) and 2M (dashed). The color field is sprayed onto the disk surface or injected into the disk midplane at a time of 0 yr. Starting from high values (RSS shortly after 0 yrs is >> 1), the dispersion decreases on a timescale of ∼ 300 yrs, dropping to a value of ∼ 5%. Figure 6 . Model 9SD at 16 yr, showing logarithmic contours of the color field density divided by the disk gas density in the disk midplane 16 yr after the color field was sprayed onto the disk's surface in a 90 degree azimuthal sector between 8.1 and 9.1 AU (as in Fig. 1 ). Region shown is 10 AU in radius (R) with a 1 AU radius inner boundary. Contours represent changes by factors of 1.26 up to a maximum value of 10.0, on a scale defined by the gas disk density. At this early time, the color/gas ratio is again highly spatially heterogeneous, as the color field is mostly confined to the outermost disk, where it was first injected, though inward motion toward the central protostar along a singlearm spiral arm is evident. Figure 7 . Same as Fig. 6 for model 9SD, but after 210 yr of evolution. The color/gas ratio is approaching spatial homogeneity compared to Fig. 6 , as a result of mixing and transport by the disk's spiral arms. Figure 8 . Same as Fig. 7 for model 9SD, but after 1526 yr of evolution. The color/gas ratio is now nearly homogeneous throughout the entire disk, except for small regions right along the inner boundary, which is a boundary effect. Figure 9 . Same as Fig. 8 , after 1526 yr of evolution, but for model 9S, which had no turbulent diffusion of the color field with respect to the disk gas. Evidently the level of turbulent diffusion in model 9SD has essentially no effect upon the mixing and transport processes. Figure 10 . Time evolution of the dispersion from the mean of the color field density divided by the gas density (e.g., 26 Al/ 27 Al abundance ratio) in the disk midplane in models 9SD (solid) and 9S (dashed). The color field is sprayed onto the disk surface at a time of 0 yr. The dispersion again decreases on a timescale of ∼ 300 yrs, then approaches a steady state value of ∼ 10%. After ∼ 700 yr, the results for model 9S are plotted as well, showing that the nonzero turbulent diffusion in 9SD has no appeciable effect on the steady level reached.
